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Abstract: In spent battery materials, there exist plenty of valuable metals, such as nickel, cobalt and rare earth element. The 
recovery of valuable metals from them not only protects the environment, but also improves the utilization of resources and lowers 
the cost of battery production. Similarly to many other batteries, random dumping of spent nickel-hydrogen batteries would lead to 
serious pollution; the recovery of valuable metals from them is of great significance. A review on recycling of spent nickel-hydrogen 
batteries was presented in the present paper, and several recovery technologies were introduced in detail. In addition, the prospect on 
comprehensive recovery of valuable metals from spent electrode materials of nickel-hydrogen batteries was made. 
 





Nickel-hydrogen battery (Ni-MH battery) is one type of 
new batteries largely developed by many countries worldwide 
in the 1990s. In recent years, the average annual growth rate 
of its market in the world is about 13%. As for our country, 
driven by National High-Tech Research and Development 
Program of China (“863” program), it is gradually realizing 
the goal that its Ni-MH battery and related industries develop 
from scratch and catching up with and even surpassing the 
advanced level in the world. Although it is gradually replaced 
by lithium-ion battery and lithium-polymer battery, Ni-MH 
battery still has a big share in the secondary battery market 
due to its comprehensive advantages[1-4]. As all batteries have 
a problem of serving life, the number of waste batteries will 
increase with the increasing of consumption of batteries, and 
there is no exception for Ni-MH battery[5-7]. Recovery of 
valuable metals from spent Ni-MH batteries and development 
of recycling technology with high efficiency can not only 
reduce its pollution in environment[8,9], but also promote 
recycling of resources, thus meeting the requirements of 
sustainable development. 
1  Overview of Ni-MH Batteries 
1.1  Classification and working principle 
Ni-MH battery is one type of secondary batteries. 
According to different encapsulations, they can be divided 
into ones with or without plate cassette, and seal Ni-MH 
batteries. And they can also be divided into cylindrical and 
square types[10].  
Coating the active material, nickel hydroxide on the nickel 
base materials makes the positive electrode of Ni-MH battery. 
The negative electrode of this battery is hydride electrode 
using hydrogen storage alloys as the active substances. 
Usually the porous polyamide or polypropylene fleece or 
gauze is used as diaphragm between electrode plates. The 
electrolyte is generally an aqueous solution of potassium 
hydroxide with a small amount of lithium hydroxide and 
sodium hydroxide. Each electrode reaction in the charging and 
discharging process is shown in the following equations from 
(1) to (6). 
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In the charging process, 
Positive reaction: Ni(OH)2+OH
-－e-→NiOOH+H2O   (1) 
Negative reaction: M+H2O+e
-→MH+OH-            (2) 
Overall reaction: M+Ni(OH)2→MH+NiOOH         (3) 
In the discharging process, 
Positive reaction: NiOOH+H2O+e
-→Ni(OH)2+OH
-     (4) 
 Negative reaction: MH+OH-−e-→M+H2O            (5) 
 Overall reaction: MH+NiOOH→M+Ni(OH)2         (6) 
In above equations, M indicates hydrogen storage alloys, 
and MH indicates metal hydride. For the charging process, the 
hydrogen atom dissociates from Ni(OH)2 and is combined 
with the M alloy, forming MH alloys. For the discharging 
process, the hydrogen atom dissociates from the MH alloys 
and joins with NiOOH, forming Ni(OH)2 
[10]. In the charging 
and discharging processes of Ni-MH battery, electrochemical 
reactions occur in the two electrodes. In the charging process, 
the positive active substance Ni(OH)2 release a H
+ and e-, 
among which the e- will be derived through the external 
circuit and H+ will be transferred to the surface of negative 
electrode through diaphragm (including electrolyte). Then the 
H+ will combine with another e-, and contact with hydrogen 
storing alloys, forming metal hydride (MH). The discharging 
process is a reverse reaction of the charging process. Thus, the 
electrolyte is just playing a role of transferring H+, and it does 
not join in the electrode reactions in itself. Therefore, Ni-MH 
battery has no need to consume electrolyte, which is the 
promise of battery seal and maintenance-free.  
If overcharging of Ni-MH battery happens, oxygen will be 
generated in the positive electrode, but the negative electrode 
will soon absorb it. The overcharging reactions can be shown 
in the following equation (7) and (8). 
Overcharging reaction of positive electrode: 
4OH- →O2+2H2O+4e
-                            (7) 
Overcharging reaction of negative electrode: 
4MH+O2→2H2O+4M                            (8) 
Therefore, the internal pressure of Ni-MH battery will not 
increase too high to be dangerous, and even if the battery 
pressure exceeds the designed pressure, the battery safety 
valve will be open to release a part of gas to ensure the 
internal pressure remain at a level of relatively low, so as to 
ensure the safety performance of battery. 
1.2  Background of recycling spent Ni-MH batteries 
1.2.1  Harms of spent batteries 
Spent batteries include spent primary battery and spent 
secondary battery, and the former is mainly zinc manganese 
battery, which contains harmful substances such as mercury 
and alkali[11]. And the harms of the latter are mainly derived 
from the substances of large amounts of heavy metals, acids 
and alkali. If these spent batteries were handled improperly, 
the harmful substances in them would be penetrated out, 
entering into soil and water. Then these harmful substances 
would be accumulated in the bodies of animals and plants, and 
be transferred to the human body through biologic chain, 
making damages to nerve, blood, digestive system and so 
forth[12]. In brief, there are various harms caused by spent 
batteries[13-16]. 
1.2.2  Signification of recycling spent Ni-MH batteries 
Based on the discussion above, it is very favorable to carry 
out the recycling of spent Ni-MH batteries to protect the 
environment and ensure human health. In addition, no matter 
what kind of batteries, they are not just rubbish, but renewable 
secondary resources. As for spent Ni-MH batteries, they 
contain a large number of valuable metals with high economic 
value. The recycling of valuable metallic elements from them 
can not only reduce the hazard of waste substances to the 
environment, bringing environmental protection effect, but 
also has economic benefits. Metal or non-metal components in 
spent batteries are derived from mineral resources. And the 
valuable metal content in spent batteries is much higher than 
that of primary ores. It will cause a tremendous waste of 
resources if we don’t conduct effective recycling. With the 
gradual exhausting of mineral resources, it is imperative for us 
to carry out recycling of non-ferrous resources such as spent 
Ni-MH batteries having high content of valuable metals. 
2  Recovery Technologies 
Recovery technologies of spent Ni-MH batteries should 
consider the particularity of spent material components, the 
feasibility and the economical efficiency. According to 
different recovery purposes, the existing recovery 
technologies of spent Ni-MH batteries at home and abroad are 
shown in the following sorts. 
2.1  Pyro-metallurgy processing technology 
In the pyro-metallurgy processing technology[17,18], spent 
Ni-MH batteries are firstly crushed. After removing the 
electrolytes, the obtained materials are dried at a certain 
temperature. After drying, organic materials such as 
diaphragms and adhesives are separated, and the remained 
materials can be used to produce nickel-iron based alloys by 
reduction smelted. According to different targets, retreatments 
of the obtained alloys can be conducted. For instance, the 
smelted products obtained after impurity elements, such as 
Mm, Mn and V are removed by oxidation, can be applied in 
the smelting of alloy steels or cast irons again. 
A combined process of machinery and metallurgy can 
reflect the development of existing pyro-metallurgy 
processing technology. Steel shells, organic materials and 
spent electrode materials of Ni-MH batteries would be 
separated in the crushing process. With the aid of electric arc 
furnace and specialized fusing agent, nickel-cobalt alloys can 
be produced and the rare earth metal oxides are just 
transferred into the slag. The nickel-cobalt alloys through the 
fire refining can be directly applied in the battery industry. 
And the rare earth metal oxides existing in the slag can be 
transformed into rare earth chlorides by mechanical 
processing and hydrometallurgy processing. Then these rare 
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earth chlorides can be used as materials to produce electrolytic 
products by molten salt electrolysis (Fig.1[18]).  
2.2  Hydrometallurgy processing technology 
Compared with pyro-metallurgy processing technology, 
hydrometallurgy-processing technology has advantages. It can 
separate and recover all kinds of metal elements and get 
higher recovery ratio. But its shortcoming might be that it 
undergoes a more complicated process, which generally 
conducts mechanical crushing at first, removes alkali, and 
then makes materials containing iron separated by magnetic or 
gravity separation processing. Next, various acid leaching 
solutions are adopted to dissolve all electrode materials, and 
then insoluble materials can be removed by filtration. In the 
following, manganese, aluminum and other metal elements 
can be precipitated from rare earth elements, iron, cobalt in 
the leaching solution via adding corresponding reagents. Then 
we can get a solution with a relatively high concentration of 
nickel and cobalt after filtering precipitates. Thus, the research 
key and difficult points of this technology might be more 
concentrated on the optimization of leaching conditions and 
the separation problem of nickel and cobalt elements. 
2.2.1  Leaching technology of metallic elements 
When the leaching reagents are different, different leaching 
effects will be achieved. For example, the dissolution effect of 
the active substances in the hydrochloric acid solution is much 
better than that in the sulfuric acid or nitric acid solution. The 
reason might be that a passivation phenomenon would happen 
when quite parts of the metals were dipped in the latter two 
acid leaching solutions. The existing leaching technologies of 
metallic elements have been used to study the leaching 






















Fig.1  Flow sheet of pyro-metallurgy processing[18] 
manganese in the negative electrode materials can be all 
leached with sulfuric acid for 2 h at room temperature. And 
the extraction ratios of nickel, cobalt, manganese and rare 
earth in positive electrode materials can reach 76.6%, 97.6%, 
99.7% and 93.2%, respectively[19]. 
2.2.2  Recycling by the separation of nickel and cobalt 
Because nickel and cobalt are the metallic elements in the 
VIII group of the periodic table of elements, the radius size of 
their bivalent elements are very close, and so are their 
electrochemical potentials, therefore, the full separation of 
these two metallic elements cannot be realized by the ordinary 
electrochemical methods. At present, as for the separation of 
cobalt and nickel, many methods have been put forward, 
including solvent extraction, chemical precipitation, 
electro-deposition and ion exchange. The existing technology 
used can be shown as the methods adopted by Carla Lupi and 
Daniela Pilone[20]. The recovery ratios of nickel and cobalt 
elements are both higher than 91%. In addition, Zhang et al[21] 
obtained nickel carbonate and cobalt sulfate by chemical 
precipitation, the purities of which are both higher than 99.0%. 
And the recovery ratios of nickel and cobalt elements almost 
reach 98%. Besides, the separation process put forward by 
Nan et al[22] achieved the recovery ratios of 96% nickel and 
97% cobalt. 
2.2.3  Recycling without the separation of nickel and cobalt 
Those methods mentioned above are generally applied in 
hydrometallurgy processing technology to make a separation 
of Ni2+, Co2+ in an acid leaching solution. However, the 
positive active material, β-Ni(OH)2 is a kind of materials 
containing cobalt element. So in the practical production of 
Ni-MH battery, a right amount of cobalt is often added to the 
positive active materials. Cobalt has an obvious effect on 
reducing electrode oxidation potential and improving the 
conductive ability of Ni(OH)2. Based on this, Lin
[23] directly 
prepared β-Ni(OH)2 containing cobalt element by choosing 
the nickel sulfate solution containing cobalt as raw material. 
This process can avoid the separation of nickel and cobalt.  
2.3  Typical hydrometallurgy processing technologies 
Pyro-metallurgy processing technologies are not highly 
praised nowadays. Correlational research was mostly focused 
on hydrometallurgy-processing technologies[24-28]. However, 
due to high complexity of hydrometallurgy processing 
technology, this technology is still difficult to be applied in 
practice. The aim of an alternative recycling process is the 
production of high grade and marketable products. The best 
available technology should utilize the potential raw materials 
completely. Therefore, typical hydrometallurgy processing 
technologies are developed, which are investigated in the 
scope of this opinion.  
Some researchers have investigated the process of selective 
precipitation in the recovery of valuable metals from 
nickel-hydrogen batteries. For example, NixCoyMnz alloy can 
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battery materials after purification and separation of 
impurities[29]. And other different recovery products such as 
rare earths, nickel, iron, zinc, manganese and cobalt can be 
precipitated selectively[30]. Moreover, some researchers have 
investigated the process of recovery of Ni, Co and rare earths 
from spent nickel-hydrogen batteries and the preparation of 
spherical Ni(OH)2
[31]. This spherical Ni(OH)2 can be used to 
produce the positive active material of nickel-hydrogen 
batteries and thereby the recycling of nickel from 
nickel-hydrogen batteries can be realized. 
2.4  Individual treatment technology 
The components, such as positive and negative electrode 
plates, diaphragm in the spent materials of nickel-hydrogen 
batteries, are often more easily separated, so individual 
treatment technology has caught people's attention. The 
process on the whole might include the separation of the 
different components, and the treatment of different materials 
obtained from the former step with different methods. Studies 
have shown that individual treatment technologies need the 
least investment, but have the highest efficiency. 
2.4.1  Processing of treating negative electrode materials  
Lin[23] carried out the recovery of valuable metals of 
negative electrode materials from spent nickel-hydrogen 
batteries by hydrometallurgy processing technology. Without 
the separation of nickel and cobalt, β-Ni(OH)2 doped with 
cobalt was directly prepared. The process is shown in Fig.2. 
2.4.2  Processing of treating positive electrode materials  
The existing processing technology of treating positive 
electrode materials from spent nickel-hydrogen batteries can 






















Fig.2  Process of treating negative electrode materials 
shown in Fig.3.  
In addition, Liao et al.[32] also carried out similar work. 
Besides, Xia et al.[33] studied the leaching, purification and 
crystallization processes of preparing electronic grade nickel 
sulfate with the spent positive electrode materials from 
nickel-hydrogen batteries.  
2.5  Regeneration treatment technology[26,34,35] 
Traditional hydrometallurgy techniques commonly need the 
steps of mechanical crushing, acid leaching, and separating 
various substances one by one. The processes of them are very 
complicated and difficult to realize industrialization. So a 
direct regeneration processing technology has been developed 
recently. 
It is a new technique that uses the active substances of spent 
positive or negative electrode materials from nickel-hydrogen 
batteries to regenerate battery materials directly. As for the 
processing of spent negative electrode materials from nickel- 
hydrogen batteries, we can firstly take pre-processing to 
remove hazardous impurities, add some valuable metal 
elements, and then directly regenerate hydrogen storage alloys. 
This method can be adopted to the preparation of La-Mg-Ni 
system alloys, which were traditionally made by pure metals 
or their compounds[36,37]. The processing of spent positive 
electrode materials is similar to that of the spent negative 
electrode materials. These methods can realize maximization 

























Fig.3  Process of treating positive electrode materials 
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relatively simple. 
2.6  Joint method of pyro-metallurgical and hydrometal- 
lurgical technologies 
No matter the pyro-metallurgical or hydrometallurgical 
technology, they both have their advantages and disadvantages. 
Therefore, there are many joint methods developed. For 
instance, M.A. Rabah[38] carried out a research on recovery of 
pure nickel, cobalt and salts from spent nickel-hydrogen 
batteries, which is exactly a joint method of pyro- 
metallurgical and hydrometallurgical technologies. Pure nickel, 
cobalt metals were obtained by the reduction of metal oxides 
with hydrogen, while metal salts could be obtained through 
the process of selective separation and purification operations 
with the multiple solvent extractions. 
3 Summary 
With the increasing of spent nickel-hydrogen batteries, 
recycling of valuable metals from them is of great importance. 
This may bring environmental profits, in addition to economic 
benefits. Many methods have been developed to this area in 
recent years. The comprehensive recovery of valuable metals 
from spent electrode materials of nickel-hydrogen batteries 
will become the promising development direction in the future, 
which might provide a theoretical and experimental basis for 
the industrialization process of comprehensive recovery of 
valuable metals from spent nickel-hydrogen batteries. 
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